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Nanoporous membrane has the perm-selectivity since the surface charge 
was affected the flow in the whole channels. The electrical potential derived 
from wall charge was formed in the entire channels and only counter-ions 
could penetrate, which is called perm-selectivity. Ion concentration 
polarization (ICP) is one of the perm-selective phenomena generated by 
difference of electrical potential in nanoporous membrane. Recently, the 
study of ICP was enormously increased from fundamental study to 
applications because of their utility in various fields. Especially, applications 
such as separator, desalination device and preconcentrator were largely 
researched and enhanced.  
  The applications were normally operated in transient state rather than 
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steady state. The characteristics of ICP in transient state have different from 
steady state and sometimes unexpected physical phenomena occurred. The 
phenomena could significantly disturb the performance of devices and reduce 
the efficiency. Therefore, the study of transient state was required. In this 
work, we studied the current characteristics of ICP in transient state to observe 
the ion transportation indirectly. And we continuously changed the boundary 
condition using pulsed electric field and investigated the ion transport using 
numerical simulation and experiments. 
We investigated an overshoot current only found in transient state. The 
current-voltage curve of ICP has 3 regimes: Ohmic, limiting, and overlimiting 
current regime). The overshoot current unexpected high current is found 
between the Ohmic and limiting current regimes. We fabricated the noble 
device to observe the relevant of length of the effective microchannel and the 
overshoot current. And the current-voltage curve without the overshoot 
current was obtained in short time. We certified the relation between the 
diffusion relaxation time and the overshoot current by varying the 
microchannel length and the sweep rate of voltage.  
And we observe the electroconvection in coercive transient state using 
pulsed electric field. The electroconvection is the significant physical 
phenomenon determining the current in overlimiting regime. The unstable 
vortices enhance the ion transport and current. For decades, pulsed electric 
field was applied to enhance the efficiency of ion transport with the advantage 
of reducing fouling effect of membrane, diminishing water splitting and 
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current enhancement. Among the advantages, the cause of current 
enhancement was still unclear and discussed. In this work we numerically 
simulated electroconvection and conducted experiments. Current density 
responses according to nondimensionalized frequency had the same tendency 
in both simulation and experiments. The current density was investigated 
based on ion transport derived from diffusion, drift, and convection. 
Furthermore, we considered the retardation effect since the boundary 
condition was consecutively changed. From this work, we could guess the 
convection retardation effect rather than restoration from diffusion was 
critical role in enhancement of current.  
In this thesis, we conducted experiments and numerical simulation to 
investigate the fundamental study of ICP in transient state. We verified ion 
transport through the measurement of current and visualized the 
concentration distribution or the convection. Based on this thesis, the ICP 
applications could be more enhanced by simply changing the structure of 
device or applying optimal boundary conditions. 
 
Keyword : Electrokinetics, ion concentration polarization, electroconvection, 
overshoot current, transient state. 
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Chapter 1. Introduction 
 
1.1 Permselective transportation in nanofluidics. 
Permselectivity of nanochannels and nanoporous membrane was 
significantly related with the phenomena near the solid surface and electrolyte 
solution. When the solid surface is submerged in the aqueous solution, the 
surface bears the ions because chemical functional groups bonded on the 
surface are ionized or chemically adsorb the ions. Counter-ions in the aqueous 
solution approach to the surface to neutralize the charged surface of wall and 
co-ions are repelled from the wall. Consequently, a shallow layer composed 
of more counter-ions than co-ions is formed. The shallow ionic layer with the 
charges on the surface is called electrical double layer (EDL) [1]. 
From the Stern model, the electrolyte layer of EDL can be divided into 
two layers (Figure 1. a): Stern layer composed of immobile ions interfaced 
with surface of wall, and diffuse layer where the ions could freely move. Most 
part of EDL is diffuse layer and its thickness is determined by wall potential. 
Since the wall potential cannot be measured in experiment, the zeta potential 
(z), which is the potential at the shear plane near the solid-liquid interface, 
is used to study the electrical potential of EDL. From the Debye-Hückel 
approximation, electrical potential () near the wall is defined by  
 




z is the distance from the wall and D is the Debye length. The thickness of 
EDL is defined by D where electrical potential is 1/e times the zeta potential. 













                       (1.2) 
 
where  is dielectric permittivity of the solvent, kB is Boltzmann constant, T 
is absolute temperature, e is elementary charge, z is the ionic valence, and 
n∞ is bulk concentration[1]. From the equation (1.1), thickness of EDL is 
determined by concentration of bulk electrolyte and can vary from less than 
1nm to a few hundred nanometers. When the electrolyte solution flows into 
a channel sufficiently larger than Debye length, EDL couldn’t influence the 
whole channel. Therefore, electrical potential is zero in the channel except 
the vicinity of wall. Only a small number of counter-ions near the wall 
surface are affected by EDL, and most of the ions can pass through the 
channel without influence of EDL. However, electrical potential in whole 
channel is nonzero in case the electrolyte solution flows into a nanochannel 
or nanopore that walls are enough close to overlap the diffuse layers. 
Therefore, co-ions repel from the tunnels because of electrical repulsion and 
larger number of counter-ions than co-ions penetrate the tunnels, which act 
as a permselective membrane[2]. Electrical neutrality of ions in the 
nanochannel and nanopore is satisfied by wall charge in nanopore even if 
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the number of counter-ions is larger than the number of co-ions. As an 
example of the good ion selective membrane is Nafion which has narrow 





Figure 1.1 (a) Schematic of electric double layer and electric potential 
distribution.  Electric potential and distribution of ions according to width 
of channel. (b) In the large, electric double layers cannot be overlapped, so 
ions could freely pass through the channel. (c) However, in the small 
channel, electric potential is nonzero, and few co-ions pass through the 
channel while the large number of counter-ions penetrate the channel. 
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1.2 Ion Concentration Polarization 
Ion concentration polarization (ICP) is one of the permselective 
transport phenomena generated by the electric field[5]. Usually, ICP is 
utilized in the microfluidic application with the nanoporous membrane. When 
an electric field is applied to the permselective membrane connecting two 
individual microchannels, only counter-ions penetrate the membrane and 
concentration at both ends of the membrane changes. For instance, in the case 
of a cation selective membrane, only cation pass through the membrane. 
Remaining anion in the anodic side move apart from the membrane to satisfy 
the electrical neutrality. The net concentration of anodic side become almost 
zero and the depleted region is called ion depletion zone (IDZ). Meanwhile, 
cations that penetrated the membrane are accumulated on the other end of the 
membrane and anion also gather toward the edge due to electrical neutrality. 
Cathodic side has a higher concentration than bulk concentration and is called 
ion enrichment zone (IEZ). Forming of these two particular regions is called 
ICP. 
The common experimental methods to study ICP phenomenon are 
measuring current with sweeping the voltage and observing the intensity of 
fluorescence dye added to trace the ion concentration. Since ions act as charge 
carriers in the aqueous solution, researchers can indirectly observe the change 
of concentration through measuring current. While the electric field is too 
strong that dyes cannot perfectly trace the ions in the vicinity of membrane, 
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researchers can indirectly obtain the concentration profile. 
The representative property of ion concentration polarization is one of a 
kind current-voltage characteristics. Current - voltage curve can be divided 3 
part; Ohmic regime, limiting regime, and overlimiting regime. First, current 
linearly increases as follow the Ohmic law. When voltage is applied on the 
membrane, anodic side of concentration decrease and become near zero. As 
the charge carriers are reduced, resistance of microchannel increases and 
current becomes constant though the voltage increases, which is called 
limiting current regime. And overlimiting regime is where the current 
increase again with higher voltage. The current increase is due to surface 




Figure 1.2 (a) Schematic of concentration distribution of ICP 




1.3 Overlimiting current  
In the limiting regime, ion depletion zone is formed and charge carriers 
are depleted. As the voltage increases, ion depletion zone is expanded, 
resistance becomes higher and the current keeps constant. However, current 
becomes increasing after threshold voltage which is called overlimiting 
current. There are 3 physical causes increasing currents: surface conduction, 
electroosmotic flow, and electroconvection (or electroosmotic instability)[6, 
7]. Their effects are related with the characteristic length of microchannel. 
In the narrow channel, the convection flow is negligible compared to 
diffusion. As high external voltage is applied, bulk concentration is reduced 
and bulk conductivity became low. However, counter-ions that screening 
surface charge are still kept that ions near the wall surface act as a main charge 
carriers, which is called surface conduction(SC) regime (Figure 1.3 (a)). 
As the microchannel becomes thicker, the convection is influenced on 
the ion transport. Electroosmotic flow is generated in microchannel, the 
pressure-driven back flow is induced near the membrane and vortexes are 
generated like Figure 1.3 (b). The vortexes are enhancing the ion transport 
and increase current. This is called electroosmotic flow(EOF) regime. 
Lastly, if the thickness of microchannel is enough to thick to be less 
influenced by electroosmotic flow, the electroconvection is dominant in 
increase of current. Electroconvection is explained in detail in the next chapter. 
Electroconvection also occur the diverse vortexes that mix the concentration 
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and form current paths penetrating the ion depletion zone (Figure 1.3 (c)), 




Figure 1.3 Schematic of ion transport and concentration distribution in 
microchannel in overlimiting regime. Electric field is applied from reservoir 
(left) to membrane (right) [6]. Current was determined by (a) Surface 




Electroconvection (electroconvective instability) is the unstable flow 
occurring in the IDZ under high electric fields. The electroconvection is 
generated by positive feedback of variation of concentration and differences 
of electrical potential[8] as Figure 1.4 (a). Normally, when ICP occur with 
the plane membrane, there is the difference of electrical potential only in the 
normal direction of the membrane and there is no tangential flow near the 
membrane. However, with the high voltage enough to generate large depleted 
region, a non-electroneutral layer called extended space charge (ESC) layer 
is generated in the IDZ [9] and is formed in parallel with the membrane 
boundary (Figure 1.4 (b)). The charge of ESC layer is dependent on the wall 
charge of membrane. In the case of using a cation selective membrane, larger 
number of cation than anion exist in the ESC. Natural concentration 
perturbation exists in the ESC layer and this perturbation induce the small gap 
of electrical potential in the tangential direction of membrane (Figure 1.4 (c)). 
Then the ions of the ESC layer move along the electric field and the ESC 
layer becomes more polarized. Vortexes are also generated by the movement 
of ions in the ESC layer. These polarized ESC occur bigger tangential electric 
field and bigger vortex (Figure 1.4 (c)). These positive feedback is repeated 
and, finally, the huge concentration fluctuation occurs and fast vortexes are 




Figure 1.4 (a) The block diagram of the electroconvection and (b),(c),(d) 
schematic of the electroconvection. ESC has the large number of positive ions 
when ICP is generated using cation selective membranes.  
 
 13 
1.5 Thesis objective 
The various study of ion concentration polarization has been already 
conducted with the intensive attention. For decades, various fundamental 
study of ion concentration polarization was conducted [5, 6, 10-19]. 
Furthermore, researchers advanced the ICP applications with the high 
performance in various field such as biosensing[20], preconcentration[21, 22], 
particle separation[23, 24], water desalination[25-27], and fuel cells[28]. 
To enhance the ICP applications, researchers were studied the properties 
of both steady and transient state of ICP[6, 10, 11, 18, 28-30]. Especially, the 
study of ICP in transient state was very important considering that most ICP 
applications work in transient state rather than in steady state [21-24]. 
Nowadays, transient effect of ICP was studied such as propagation of ICP 
[31-33], preconcentration of charged species in ion enrichment zone[34], and 
pH change in ICP [35, 36]. However, Research into current response of ICP 
in transient state is still lacking. An overshoot current observed in transient 
state hides the optimal voltage of ICP application and disturbs the 
fundamental research of ICP in steady state [7, 37-39]. Also, the cause of 
current enhancement due to pulsed electric field is still discussed in numerous 
works [40-43]. 
In this work, we studied two transient properties of ICP. First, we 
investigate the overshoot current observed between Ohmic regime and 
limiting regime through experiments. The ICP applications were used the 
property of ion depletion zone where the charged particles were rejected. So, 
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the state of ion depletion zone determined performance of ICP devices. 
Therefore, the control of the ion depletion zone was significant. We usually 
know the state of ion depletion zone through measuring the current-voltage 
characteristic, but the measured current-voltage characteristic often has the 
overshoot current. We studied the critical factor of the overshoot current and 
suggested the noble devices in microfluidics. Second, the electroconvection 
with the continuously changing boundary condition was studied. Applying 
pulsed electric field has several advantages such as reducing the fouling effect 
and water dissociation, so researchers are already used in water desalination 
field. However, the physical cause of enhancement of current with pulsed 
electric field compared to with dc bias was still unclear. By studying 
electroconvection with the pulsed electric field, water desalination 
application can be enhanced their efficiency. Therefore, we numerically 
simulated and conducted the experiments about the electroconvection with 
pulsed electric field and suggest the cause of current enhancement.  




1.6 Thesis outline 
In this work, the study of ion concentration polarization was mainly 
describbed. In Chapter 1, we described the basic concepts of permselectivity 
and ICP. The significant property of ICP is described for Chapter 2. 
Furthermore, overlimiting current was described as details because we 
studied the different regimes of overlimiting current. Lastly, the 
electroconvection was described. Electroconvection is a kind of instability 
that is enormously studied for 20 years and studied in Chapter 3. 
Electroconvection is still unclear but we simply described how the 
electroconvection is generated theoretically.  
In Chapter 2, we investigated the overshoot current in current-voltage 
curve of ICP. The overshoot current was theoretically related with the sweep 
rate of voltage, the length of diffusion layer and the diffusion relaxation time. 
In this work, we varied the length of effective microchannel where the 
concentration gradient is generated. The overshoot current was obtained over 
certain effective microchannel length at same sweep rate of voltage. We also 
varied the sweep rate of voltage to certify the relation between the diffusion 
relaxation time and the overshoot current. We could certify the relationship 
of the overshoot current with diffuse layer and suggest the noble devices for 
short time measurement. 
In Chapter 3, electroconvection with pulsed electric field was observed. 
As the boundary condition was consecutively changed, the concentration and 
flow was affected by frequency of pulse. Both numerical simulation and 
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experiments were conducted and voltage was applied in overlimiting regime 
with electroconvection. We could obtain the optimal frequency of current 
density and we showed the maintenance of current path was the main cause 
of enhancement of current density.  
Chapter 4 summarized and concluded the thesis. 
Appendix A and B is relevant with Chapter2. Appendix A is about the 
convergence of current in overlimiting regime and compared the required 
time to steady state. Appendix B suggested that the overlimiting conductance 
according to length of microchannel.  
Appendix C is the study of ICP application. We studied removal of 
diverse oil droplet using ICP separator. Appendix C showed the removal 
efficiency and suggested the critical value. 
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 In recent years, permselective ion transportation through nanoporous 
membrane has been extensively studied due to its utility in various fields such 
as sensor [44] , separation [45], water desalination [26] and fuel cells [46]. 
One of major phenomena occurs near the nanoporous membrane is ion 
concentration polarization (ICP) which has received tremendous attentions by 
theoretical [9, 12, 47, 48] and experimental researchers [40-42, 49]. Because 
it provide the differential platform of the permselective migration near the 
membrane, one can deeply comprehend the behind mechanism of the 
movement using in-situ visualization of flow field / concentration distribution 
[30, 50] and direct numerical simulation [51, 52]. Based on these findings, 
one can precisely control the nanoelectrokinetic environment of such system 
for better engineering efficiency [14, 53-55]. 
ICP resulting from unbalanced ion transportation through the membrane 
can be directly characterized by the formation of an ion depletion zone and 
an ion enrichment zone at the anodic and cathodic side of the membrane in 
the case of cation-selective membrane [56, 57]. Furthermore, current-voltage 
(I-V) curve is most representing finger-print of ICP because of its distinctive 
transitions as a function of applied voltage. In a voltammetric measurement, 
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I-V curve has 3 distinguishable regimes (i.e Ohmic, limiting and overlimiting 
regime)[6, 7, 12, 27, 28]. Due to the lowest concentration inside the ion 
depletion zone, the ionic current was mainly determined by the properties of 
the ion depletion zone. In a micro/nanofluidic platform, however, an 
overshoot phenomenon (i.e. differential negative conductance) was easily 
observed at the transition from Ohmic regime to limiting regime as shown in 
Figure 2.1(a)[15, 37, 58]. ICP applications were operated at limiting regime 
or overlimiting regime depending on the situation. Since the current regime 
largely affected the ICP applications, the overshoot is a nuisance for the 
optimal performance in the electrochemical membrane system. Moya and 
Sistat have theoretically reported that the overshoot current in electrodialysis 
system can be eliminated by slowing the sweep rate of voltammetric 
measurement[59]. They also suggested that the required time to reach steady 
state was decided by diffuse layer length. However, in a micro/nanofluidic 
system, the length of microchannel was usually ~O(10) mm so that the 
required time to flatten overshoot current was over 10 hours at low 
concentration, which significantly impeded the nanoelectrokinetic study. 
Therefore, alternative approach was demanded for measuring proper I-V 
curve within a short time even with a microfluidic channel. 
In this work, we fabricated the ICP device composed of two 
microchannels and nanoporous membrane as shown in Figure 2.1 (b). The 
effective length (Leff) of the main microchannel was coercively shortened by 
pumping fresh electrolyte solution through the side microchannels. As a result, 
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electrolyte concentration can be uniform along the main microchannel from 
left reservoir to the interconnected point with the side microchannels. By this 
manner, ICP layer can be formed only in the range from the interconnection 
to the nanojunction. Thus, we can achieve a coercive steady state for complete 
diffusion within the range of Leff. By this mean, we demonstrated the diffusion 
relaxation time played a deterministic role for eliminating an overshoot 
phenomenon. Therefore, this simple but effective measurement platform 
would be a highly practical method to characterize the electrokinetic 
properties of permselective ion transportation because it can significantly 





Figure 2.1 (a) Conventional (blue line) I-V curve vs “overshoot” 
phenomenon which possessed differential negative conductance. (b) 
Overview of micro/nanofluidic device. It had side microchannels to inject a 
fresh electrolyte to the vicinity of nanojunction. (c) Microscopic image of the 
device. Due to the fresh electrolyte injection, the electrolyte concentration 
should be uniform by Leff away from the nanojunction. 
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2.2 Experimental Methods 
Micro/nanofluidic devices were fabricated using soft-lithography with 
poly(dimethylsiloxane) (PDMS, Sylgard 184 silicon elastomer kit, Dow 
Corning, USA). Negative photoresist (SU8 2015, Microchem, USA) was 
coated on a 4 inch wafer to form a 15μm thick film for the device and 50 μm 
for the Nafion patterning microchannel. Soft bake was processed at 95 °C for 
3 minutes to remove the organic solvent. Proper UV irradiation with 
predesigned mask was performed and the channels were developed using SU8 
developer. Then mixture of PDMS base and curing agent (10:1 ratio) was 
poured on top of the wafers and was then solidified at 70 °C for 4 hr. 
Meanwhile, the blank microchannel (50 μm thickness, 100μm width and 1 
cm length) was reversibly attached to a glass slide. Then, the microchannel 
was filled with Nafion solution (20 wt% resin solution, Sigma-Aldrich) by 
capillary force or negative pressure and the PDMS block was detached from 
the glass, referred to as a surface patterning method[57]. After curing the glass 
at 95 °C for 5 minutes, the solidified Nafion resin remained on the glass 
substrate. The fabricated PDMS microchannel and Nafion coated glass 
substrate were irreversibly bonded using a plasma bonder (CuteMP, Femto 
Science, Korea). Main- and buffer microchannel shown in Figure 2.1 (c) had 
the dimension of 100 m width and 15 m depth.  
The most important feature in this work was the connection of the side 
microchannels. Electrically floated side microchannels were able to replenish 
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fresh electrolyte through a pump (PHD2000, Harvard). The dimensions of the 
side microchannel were 20 m width and 15 m depth. Therefore, the 
electrolyte concentration varied due to ICP in the range from the nanojunction 
to the injection point (i.e. Leff), while the concentration was expected to be 
uniform out of the range as shown in Figure 2.1 (c). We fabricated a number 
of device for different Leff = 150, 300, 500, 650, 750, 1000, 1500 and 2000 
m. 
For the initiation of ICP, external voltage (source measure unit, Keithley 
236, USA) was applied through Ag/AgCl electrode connected to reservoirs 
(Figure 1(c)). I-V responses were measured by voltage sweep enabled by 
customized LabView program. The sweep rate of voltage was 0.05 V/30 sec 
from 0 V to 1.5 V for the main experiment and 0.05 V/1.5 sec ~ 0.05 V/60 sec 
for the sweep rate effect experiment. In the meantime, the propagation of ICP 
layer was visualized using an inverted fluorescent microscope (IX-51, 
Olympus, Japan) and a charge-coupled device (CCD) camera (DP73, 
Olympus, Japan). The obtained images were then postprocessed with 
CellSense (Olympus). For the fluorescent emission, 1mM KCl solution 
(Sigma-Aldrich, USA) with sulforhodamine B (SRB) (2 nM, Sigma-Aldrich, 





2.3 Results and Discussions 
2.3.1 Electrokinetic response depending on Leff  
Main experiments were conducted with varying the position (Leff) of 
interconnection where fresh electrolyte was continuously injected. Since the 
main microchannel was a dead-end configuration, infused solution flew only 
from the side microchannels to anodic reservoir as indicated in Figure 2.2 (a). 
The flow rate was 3 L/min. Therefore, the concentration profile of the main 
microchannel would have two distinctive parts. One from side channels to 
reservoir kept constant concentration (i.e. c = 0) due to the injected flow, 
and the other from the nanojunction to the side microchannels had a change 
of concentration (i.e. c ≠ 0) as ICP was generated. The snapshots in Figure 
2.2 (a) were captured after 6 minutes applying 1.5V, which was the highest 
voltage in this study in order to certify whether depletion zone would be 
suppressed between the nanojunction and the intersection. A black region 
represented the depletion zone of fluorescent dye. With Leff under 750 m, the 
depletion zone merely expanded which was considered pseudo-steady state, 
while it slowly expanded but was bounded by the side channels over Leff = 
1000 m. 
Under this circumstance, one needed to measure the electrical response 
of each configuration. Figure 2.2 (b) demonstrated the I-V characteristic 
from 0 V to 1.5 V with varying Leff. When Leff was 150 m, I-V curve stayed 




Figure 2.2 (a) Experimental visualization of ICP layer propagation as a 
function of Leff. A constant voltage of 1.5 V was applied and the snapshot was 
captured after 6 minutes of applying the voltage. (b) Experimental 
measurement of I-V responses as a function of Leff. The sweep rate was 0.05 
V / 30 sec. The overshoot phenomenon was eliminated when Leff = 650 and 
750 m. Over the range, I-V has significant overshoot. 
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circulated the concentration in diffuse layer as Figure 2.3 (a),(b). When Leff 
was 300 m and 500 m, I-V curve was changed from Ohmic regime to 
overlimiting regime without limiting regime. Since hydraulic convection 
caused by injected flow from the side microchannel completely (or largely) 
suppressed the propagation of ICP layer, I-V response had a long Ohmic 
regime and a direct jump to overlimiting regime without limiting current 
response [15]. Interestingly, I-V curve had three distinctive regimes without 
overshoot current when Leff was 650 and 750 m. The effect of 
hydroconvection derived from side channel was restricted and didn’t directly 
affect the effective microchannel. Under the steady state assumption, we can 
compare the experimental limiting current value with an analytical 
expression[5] of ilim = 2FDc0A/ where F the Faraday constant, A the cross-
sectional area of microchannel and c0 the bulk concentration as shown in 
Table 2.1. The difference between ilim,theo and ilim,exp was under 7 % in the case 
of Leff was 650 and 750 m. When Leff exceeded over 1000 m, overshoot 
was generated and ilim,exp was much higher than ilim,theo leading to erroneous 











650 0.89 0.90 - 0.95 
750 0.77 0.76 - 0.80 
1000 0.58 0.68 - 0.72 
1500 0.39 0.61 - 0.73 
2000 0.29 0.58 - 0.72 
 
 
Table 2.1 Theoretically calculated and experimentally measured limiting 




Figure 2.3 (a),(b) The picture of the hydroconvection at Leff = 150 m 
and (c),(d) Leff = 750 m with applying voltage 0 and 1.5 V respectively. The 
hydroconvection affected the whole channel and the diffuse layer couldn’t 
fully expand in the effective microchannel when Leff is under 500 m. The 
hydroconvection only affected the entrance of effictive channel when Leff is 
over 650 m  
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 2.3.2 Diffusion relaxation time in a microchannel of Leff 
 Diffusion relaxation time of ions in the occurrence of overshoot current 
in voltammetry was reported to have a close relation with the response of ion 
flux in the main channel[59]. In Ohmic and limiting regimes, all of convection 
was negligible and most of electromigration affected the small portion of 
microchannel (i.e. the ion depletion zone which is invisible in Figure 2.2(a)). 
Therefore, we only considered the relaxation time of diffusion for 
characterizing the overshoot effect. The analytical expression for the diffusion 
relaxation time, D is 2/D where  is the length of diffuse layer in steady state 
and D is the diffusion coefficient of ion. As Leff increased, the diffuse layer at 
steady state and the diffusion relaxation time would also be longer. 
To verify this scenario, we conducted I-V measurement as a function of 
various sweep rate of voltage as shown in Figure 2.4. I-V curves with fast 
sweep rate had a higher current value and an overshoot phenomenon on a 
whole. This relationship can be explained by classical cyclic voltammetry 
theory[60]. The peak current at the overshoot scales as square root of voltage 
sweep rate[59]. Note that the scaling (RT/zFs : s is sweeping rate) in classical 
cyclic voltammetry theory is off by a factor of 20 or so to our diffusion time. 
The factor of 20 actually comes from the fact that the characteristic voltage 
for the diffusion time is not (RT/zF)~24 mV but rather the voltage of the 
experiment for depletion by a membrane. RT/zF is a typical voltage drop for 
electrochemical reactions in cyclic voltammetry but not so for membrane 
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depletion. In fact, if one uses the voltage at limiting current listed in the 
response, 0.4 to 0.7 V, these voltages are about 20 times RT/zF. Thus, the 
overshoot is due to the advancement of the depletion front, which is quite 
analogous to the advancement of a diffusion front in cyclic voltammetry. The 
only difference is the characteristic voltage used. This would be a nice 
connection between an ion-selective membrane and an ion-selective electrode. 
In this work, however, as the sweep rate slowed, peak currents tended to 
decrease and overshoot was diminished. The maximum sweep rates to 
eliminate the overshoot were 0.05 V / 10 sec, 0.05 V / 30 sec and 0.05 V / 60 
sec for Leff = 500, 750 and 1000 m, respectively. Without occurrence of 
overshoot, the voltages required for initiating limiting current were 0.7, 0.5 
and 0.4 V, respectively. Thus, it took 140, 300 and 480 seconds to reach these 
voltage values in the experiments. These values were well matched with 
theoretically estimated D which was summarized in Figure 2.4. Therefore 
one need to set the sweep rate as the ions can diffusively transport only within 
the effective length of microchannel, not the entire length of microchannel, 





    Figure 2.4 Table of I-t-V responses for varying Leff and the sweep rate. 
From the plots, one can estimate the minimum sweep rate for disappearance 
of overshoot. The rate has a close relationship with the diffusion time of ions 




In this work, we developed a new measurement platform for I-V 
characteristics of permselective ion transportation. It has been reported that 
an overshoot phenomenon impeded the correct electrokinetic responses in 
micro/nanofluidic device, because it represented a differential negative 
conductance. In the light of the fact that the fast transition to the steady state 
can eliminate the overshoot, we coercively shortened the effective length of 
microchannel using a continuous injection of fresh electrolyte through the 
side microchannels. The effect of the device was confirmed in both 
visualization and I-V measurements. Conventional micro/nanofluidic 
device[57] has a cm long microchannel so that it takes 14 hours to get I-V 
response without overshoot. Using the presenting idea, however, it takes only 
2 minutes to obtain the I-V response without overshoot. Considering the 
repeatability verifications for solid research results (usually 5 times for each 




Chapter 3. The enhancement of ion transport in 
electroconvection with pulsed electric field 
 
3.1 Introduction 
With the rapid development of nanotechnology, various fields using the 
nanoporous membrane have intensively attracted attention such as 
desalination, separation, biosensing, and fuel cell. As nanoporous membrane 
has ion selectivity, cation and anion under electric field have differently 
moved on the vicinity of the membrane and concentrations at the each side of 
membrane become distinctively different. Concentration on the anodic side 
becomes depleted and concentration on the cathodic side becomes enriched. 
Both regions are called ion depletion zone (IDZ) and ion enrichment zone 
(IEZ). The phenomenon in which IDZ and IEZ are formed in electrodialysis 
is called concentration polarization (CP) and in microfluidic chip is called ion 
concentration polarization (ICP) which is small scale of ED and is affected 
by electroosmotic flow. 
Many researchers have enormously conducted the fundamental studies 
of CP and ICP from membrane surface science to fluid mechanics [11, 16, 54, 
61, 62]. And the measurement of current was the very first thing to do to 
understand the phenomenon since current was closely related with the mass 
transfer in the applications. The current-voltage curve of ED has 3 regimes 
called Ohmic, limiting and overlimiting regimes. The region, which is mainly 
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used for desalination or separation, is the overlimiting regime, since the mass 
transfer is most active. And the mass transfer is significantly affected by 
electroconvection.  
Electroconvection (or electroconvective instability) is one of the 
electrochemical phenomena occurring in the IDZ. The normal electric field 
causes the IDZ and, under high electric field, extended space charge (ESC) 
layer is formed. ESC layer is a region where local electrical neutrality is 
broken down and has a larger number of counter-ion. A small concentration 
perturbation in the ESC layer is naturally generated and causes the small 
tangential electric field. From that, counter-ions move, tangential 
electroosmotic flow occur, and gradient of electrical potential increases. This 
cycle is repeated and cause fluctuation of concentration, and strong vortex.  
Recent studies suggest that the applying pulsed electric field on 
membrane can enhance mass transport [40, 41, 63-66]. Mishchuk et al. have 
found that the desalination rate was increased when using pulsed electric field 
compared to applying dc bias under the same average voltage [40, 41, 63]. 
The antifouling effect due to pulsed electric field was studied by various 
groups [65, 66]. P.A. Sosa-Fernandeza also showed the enhancement of 
desalination performance of ED under pulsed electric field by reducing the 
fouling effect [64]. 
The studies of current enhancement in pulsed electric field were also 
conducted by Nikonenko’s group and A.I. Schäfer’s group [42, 67-69]. They 
showed that current in the sub-limiting regime was enhanced due to the 
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restoration of concentration in off state [42, 69]. In the overlimiting regimes, 
Aminat M. Uzdenova et al. showed that the numerical simulation of 
electroconvection with pulsed electric field using high viscous fluid 
suggested that the main cause of current enhancement could be diffusion as 
same as current enhancement in the Ohmic region[67]. S.V.Zyryanova et al. 
experimentally showed that the current enhancement varying frequency [68] 
and suggested that the increase of current is due to restoration of 
concentration but the cause of enhancement of current is still discussed.  
For optimizing CP and ICP applications to obtain the high desalination 
rate, it is significantly important to delve into the cause of current 
enhancement when using pulsed electric field. In this work, we numerically 
and experimentally investigate the electroconvection in pulsed electric field 
mode compared to in DC with varying average voltage and frequency in 
overlimiting regime with electroconvection. We use ICP applications to 
visualize the motion of fluid. Current was peaked at certain frequency in 
simulation as same as in experiments. From the simulation, the peak current 
was obtained because of maintenance of developed convection and was 
visualized in experiments. 
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3.2 Materials and Methods 
3.2.1 Numerical methods   
3.2.1.1 Numerical domain descriptions  
The domain of the micro/nanofluidic device could be represented as 
Figure 3.1. The domain was a rectangular which had 4:1 ratio of width and 
height and the distance from reservoir to ion selective membrane was chosen 
as a characteristic length. The 2 times much longer width than height was to 
avoid the spurious numerical results in periodic domain [70]. Domain had 
three kinds of boundary: Bulk, ion-selective membrane and periodic boundary. 
The electric field was applied from bulk to ion selective membrane enough to 
occur ESC layer and only cation could pass through the ion-selective surface. 
The periodic boundary described that domain had an infinite width. Cation 
and anion have a monovalent charge and have the same diffusion coefficient 
(i.e KCl electrolyte). Small concentration perturbation was randomly 




3.2.1.2 Governing equations and boundary conditions  
The simulation was governed by 5 equations: Poisson equation for 
electric potential, where (c+- c-) on the right-hand side is the space charge due 
to a local imbalance of ionic concentrations, Nernst-Planck equations for 
transport of monovalent cation and anion, continuity equation for an 
incompressible fluid, and Navier-Stokes equation with electric body force for 
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 The governing equations were nondimensionalized with the diffusion 
layer thickness L and time, concentration, and electrical potential were 
respectively nondimensionalized as D/t t  , 
0/c c c  , and /F RT  . 









D is the nondimensionalized debye length obtained by dividing the debye 
length ( D ) into characteristic length (L), DD / L  . Schmidt number(Sc) 
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  is the electrical permittivity of fluid.  
All governing equations were fully coupled and were solved using 
finite element method with boundary conditions in COMSOL multiphysics. 
At bulk, the dimensionless electrical potential was set to be two kinds of 
functions. One is a constant function for DC and the other is a rectangular 
function with a duty cycle of 50% and a zero value in the off state. The 
average electrical potentials for both functions were set to 40, 60, 80, and 
100. The dimensionless frequencies were adopted as 5, 50, 500, 5000, 
50000. The dimensionless concentrations of cation and anion were fixed 1 
and no-slip boundary condition was adapted. At ion-selective membrane, the 
dimensionless electrical potential and the dimensionless concentration of 
cation were respectively Donnan potential, - ln N, and Donnan 
concentration, N. No flux of anion was considered since anion couldn’t pass 
through the membrane, and no-slip boundary condition was adopted.  
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We consider Sc = 500 which is Schmidt number of KCl aqueous 
solution. For , N, and  typically used value of 5, 2, and 10-3, were 








Figure 3.1 Schematic of numerical domain. The characteristic length 
was the distance from bulk to ion-selective membrane. The rectangular pulse 





3.2.2 Experimental Methods 
Device consisted of microfluidic channel patterning on the PDMS and 
nanoporous membrane (Nafion sheet). A SU8-2150 film was formed on a 
wafer using spin coating method. The film was baked at 65 °C for 5 minutes 
and 95 °C for 20 minutes to evaporate the solvent. After that, the film was 
exposed to UV through the mask and was baked at 65 °C for 5 minutes and 
95 °C for 12 minutes. The coated wafer was immersed in the SU 8 developer 
w develop microchannels. PDMS mold was formed by pouring the mixture 
of 10:1 PDMS base and curing agent onto the patterned wafer and heating the 
mixture at 70 °C for 4 hr. The connection of PDMS microchannel and Nafion 
sheet proceeded as Figure 3.2 (a). The top of the PDMS mold was cut and 
Nafion sheet was inserted into the shallow groove. The PDMS cut surface and 
the Nafion sheet were then bonded using epoxy. The PDMS mold was 
sequentially attached to the PDMS sheet and slide glass using a plasma 
bonder and heating at 95 °C. Main- and buffer microchannel shown in Figure 
3.2(b) had the dimension of 1 mm width, 170 m depth and 2 mm length with 
the air valve to refresh the channel [37]. 
1mM KCL electrolyte was injected and the liquid in side microchannels 
was cut off using air valve. Ag/AgCl electrode was connected to reservoirs to 
apply the external voltage. Current was measured at average electrical 
potential 2.08 V, 2.60 V, 3.12 V and 3.64 V varying frequency (0.0025, 0.025, 
0.25, 0.25 and 25 Hz). All measured currents were obtained after at least 






Figure 3.2 (a) Schematic of fabrication method. (b) Schematic of the 
device. The electrolyte in the side channels was removed by injecting air. (c) 




3.3 Results  
In the numerical simulation, domain had an infinite plane and the 
electrical potential of bulk was applied with form of rectangular pulse. We 
calculated the average current density penetrating the membrane to compare 
with the case of dc bias. The ion flux density on the normal direction of bulk 
(jy) and average current density (iavg) was defined as 
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- are the cation and anion flux density on the normal direction 
of bulk, v is the flow velocity of y direction, Xbulk is the length of bulk in 
domain, and T is the period of pulsed electrical potential. We obtained quasi-
steady state of average current density. The average current density (iavg,dC) 
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, since the current was fluctuated due to electroconvection. t1 and t2 are the 
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time in the quasi-steady state. 
In Figure 3.3 (a), we compared the average current density in pulsed 
electrical field and dc bias, iavg/iavg,dc . The average current density 
enhancement ratio increased as the frequency of electrical potential increased 
from f = 5 to f = 5000, and was peaked at f = 5000. After f = 5000, the ratio 
decreased. 
   We also certified the same tendency in experiments (Figure 3.3 (b)). 
Current was measured and was divided by surface area of membrane to obtain 
current density. Average current density was calculated by (3.9) and (3.10).  
The frequencies in experiments were nondimensionalized as f = 5, 50, 500, 
5000 and 50000. Experimental values were also optimized at f = 5000. The 
enhancement ratios of numerical simulation and experiments have differences 







Figure 3.3 The average current density enhancement ratio in pulsed 
electric field (iavg, pulse) compared to in dc bias (iavg,dc) according to 
nondimensionalized frequency, f (a)in numerical simulation, and (b)in 




3.4.1 Concentration restoration effect on current density 
The average concentration profile under the pulsed electric field could 
be obtained from the simulation (Figure 3.4 (a)). Concentration was 
significantly fluctuated in low frequency, f = 5. However, the difference 
between the concentration of on state and off state was almost diminished in 
high frequency, f = 5000. As the time of off state became short, the ions 
couldn’t diffuse and the concentration was not fluctuated.  
We could find the restoration effect from diffusion in current density as 
Figure 3.4 (b). The current density of on state always started at high value 
and reduced since increased concentration in ion depletion zone during off 
state enhanced the electrical conductivity. 
As concentration fluctuation was almost diminished, the current path 
was also maintained as Figure 3.4 (c). In experiments, the concentration was 
indirectly obtained by SRB and 40 nm carbon particles. And we also obtained 
concentration profile from numerical simulation. The concentration profile 
was binarized at the value of 1/4.   
At the low frequency, the electroconvection was formed in on state, 
however the concentration was restored in off state. Therefore, the 
electroconvection was reinitiated and current path was constructed and 




Figure 3.4 (a) Current density according to normalized t / T in 
experiments. (b) Average concentration profile at f = 5, and f = 5000 according 
to the distance from membrane to bulk in numerical simulation. At low 
frequency, the concentration was largely fluctuated while the similar 
concentrations were obtained at high frequency. (c) Concentration profile 
obtained from experiments and numerical simulation at f = 5 and f = 5000. In 
the simulation, the figure of concentration was binarized at c = 1/4. White and 
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black regions are high and low concentration region, respectively. 
Electroconvection was regenerated in low frequency while current path was 
maintained in high frequency. 
 
At the high frequency, the electroconvection was generated slowly in on 
state. But the current path was maintained in off state and didn’t dispersed as 
Figure 3.4 (c). As a result, the current density of on state was a constant, not 
reducing, due to maintenance of current path. 
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3.4.2 Convection retardation effect on current density 
The retardation time and magnitude of convection was calculated to 
discuss the results in details. The current density was related with the ion flux 
density as equation (3.8) and ion flux is derived from diffusion, drift, and 
convection. The boundary condition of electrical potential was consecutively 
changed in our system, so the retardation time of each component in ion flux 
density equation should be considered.  
In our numerical simulation, the nondimensionalized time is based on 
the diffusion relaxation time. The diffusion relaxation time is the value of 1 
in our system. The relaxation time of drift is O(10-4) [8]. Therefore, the effect 
of retardation from drift would be negligible in our system. And the relaxation 
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From (3.12), conv = 2∙10
-3 in numerical simulation. It means that the required 
time to reach final velocity is 2∙10-3.  
We could find the conv in experiments. Injecting the emulsion of 1 mM 
KCl and oleic acid oil with the volume ratio of 100:1 to the microchannel, 
convection relaxation time was obtained. The motion of oil droplet was 
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transited to brownian motion after at least 6 sec. The convection relaxation 
time in experiments would be O(1)-O(10) sec. The nondimensionalized 
convection relaxation time was calculated as O(10-3)-O(10-4). So the 
enhancement of average current density would be similar as numerical 
simulation. 
The change of convection was also certified from the numerical 
simulation and experiments. In numerical simulation, the magnitude of whole 
convection was indirectly quantified from root-mean-square of flow velocity 







v u v d                   (3.13) 
u is the flow velocity of x direction, and A is the surface area of domain. The 
change of vrms in 1 pulse was calculated as Figure 3.5 (a). And the average of 
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and the vavgrms ratio was obtained as Figure 3.5 (b). 
In Figure 3.5(b), the vavgrms ratio was weakly increase as frequency 
increase until f = 500. However, after the f = 5000, we could obtain that vavgrms 
ratio was strongly reduced.  
The current density enhancement can be explained considering 
concentration distribution, magnitude of flow in whole channel and the 




Figure 3.5 (a) Root mean square of velocity in whole domain according 
to time. Remnant convection was exist at f = 5000 and 5000. (b) Average root 
mean square of velocity with pulsed electric field compared to with dc bias 
according to nondimensionalized frequency. The ratio was peaked at f = 500 
and reduced. (c) Picture of particle in f = 5000. Developed vortex represent 
the remnant convection in off state even if the particle was discontinuously 
moved. Particle had 40 nm diameter.
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50 electroconvection in on state would be similar with in dc bias. The 
retardation effect would be neglected and the ion flux is determined by drift 
and convection. Since we applied twice electrical potential of the dc bias, the 
current density in on state would be higher than in dc bias of same average 
electrical potential. In the off state, the convection of the whole microchannel 
was diminished as Figure 3.5 (a) and the concentration change was largely 
affected by diffusion. Therefore, the ions were only influenced by diffusion 
in off state. The back current was found in experiments as Figure 3.4 (b). The 
ion enrichment zone has a higher concentration than ion depletion zone and 
ions were moved to the ion depletion zone through the membrane. As a result, 
the large back current was measured. The back current was compensated for 
high value of current density at transition point from off to on. Therefore, the 
current density in low frequency was almost same as under dc bias. The 
numerical simulation didn’t have an ion enrichment zone that the back current 
was weak and total average current density was enhanced compared to current 
density under dc bias.  
As the frequency became faster, average current density became higher. 
The off time of pulse was short and the restoration effect was reduced. The 
back current was also reduced as Figure 3.4 (b). Instead, from the Figure 3.5 
(a), the convection in off state was remnant.  
When the nondimensionalized frequency was 5000, the average current 
density has an optimal point. The diffusion in off state was negligible however 
the convection was remnant as Figure 3.5 (a). Convection was found in 
 
 52 
experiments (Figure 3.5 (c)). When the pulse was applied, the 
electroconvection was generated in on state. The particle moved and stopped 
repeatedly. However, the particles were followed the same convection like as 
the convection didn’t disappear. The long convection was developed after 4 
hours as Figure 3.5 (c). The particle slowly circulated along the convection 
even if the particle couldn’t circulate the one cycle in a pulse. We could guess 
that the convection in off state was too small that the drag force couldn’t move 
the particle, however, the convection existed. Considering the convection 
retardation time was O(10-3)-O(10-4), the convection can be existed. 
Therefore, the electroconvection was maintained and high flow velocity was 
kept in whole channel. Therefore, the ion flux was enhanced and average 
current density was peaked. 
After the optimal point, the current density became shrunk at f = 50000. 
The remnant convection was existed, however the convection induced from 
electroconvection was weak as Figure 3.5 (a) and (b). Therefore the ion flux 





We observed the average current density enhancement of 
electroconvection with pulsed electric field compared to with constant 
voltage. The average current density according to frequency had an optimal 
current density in numerical simulation and experiments. The change of 
concentration distribution in pulse was calculated in numerical simulation and 
certified the maintained current path in experiments. The big concentration 
variation in low frequency increased the electrical conductivity, but the 
restoration effect had a small influence on the average current density. At the 
optimal frequency, concentrations in on and off state had negligible difference 
and the current path was maintained. We also verified that the retardation of 
convection would strongly affect the ion transport. As the frequency was high, 
the convection didn’t disappear in off state and remnant convection 
maintained the fast transport of ions. Electroconvection was continuously 
developed and maintained even if electrical potential was in off state in the 
middle. After the optimal point, average current density was shrunk since the 
convection was undeveloped in high frequency. From this work, the transport 
of ions in electroconvection could be enhanced considering the retardation 
time of convection and frequency, however, the in-depth study of convection 
was required.  
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Chapter 4. Conclusion 
 
 
In this work, we studied the transient state of ion concentration 
polarization. One is overshoot current occurring between the Ohmic regime 
and limiting regime. The overshoot current was often observed in ICP 
applications such as separator, desalination, and biosensor. Such kind of ICP 
separator needed the accurate current–voltage curve due to the variation of 
ion depletion zone. Overshoot current was relevant with the transient state of 
concentration in diffusion layer. The overshoot current could be controlled by 
varying the effective length of microchannel and the sweep rate of the voltage. 
We certified the generation of overshoot is determined by diffuse relaxation 
time, D, as well known. We suggest the noble device in micro/nanofluidic 
chip.  
Second, we continuously changed the boundary condition of electrical 
potential using pulse. Applying pulsed electric field on electroconvection has 
various advantage such as reducing the water split, fouling effect on 
membrane and the current enhancement. However, the cause of current 
enhancement was still unclear. We verified current enhancement in numerical 
simulation and experiments. At the same average electrical potential, the 
current density of pulsed electric field was higher than the current density of 
constant voltage. Their current density enhancement was due to convection, 
not restoration. We certified the change of concentration profile in numerical 
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simulation and verified the diffusion was negligible in high frequency in 
experiments. Restoration effect was minimal, however the remnant 
convection enhance the ion flux and increase the current density. The remnant 
convection was certified in simulation and experiments .Even more, average 
current density was reduced at high frequency since the short time of on state 
generated undeveloped electroconvection.  
Investigation of ICP in transient state was critical issue because the 
applications were always operated at fluctuating circumstance. We 
experimentally studied the ICP focusing on current-voltage characteristic. 
Moreover, the electroconvection one of the critical issues in ICP phenomenon 
was studied and discussed. From the thesis, the part of the perm-selective 
transport phenomena in transient state was verified and the perm-selective 
application, especially focused on the ion transport through the membrane 






A. The 1-D simulation of Ion Concentration Polarization in 
dead-end Channel 
We obtained the spaciotemporal change of c+ for different efficient 
microchannel length, Leff by solving 1-D numerical simulation of the Poisson 
equation and Nernst-Planck equation as follows.  




   

     

. 
where  is the electric permittivity of water,  is the voltage, z is the ion 
valence for symmetric electrolyte, F is the faraday constant, c+ and c
-
 are 
cation and anion concentrations, t is the time, D is the diffusivity of each ion, 
R is the gas constant, and T is the temperature. The numerical calculation were 
carried using COMSOL multiphysics 4.4. Boundary conditions were (i) bulk 
electrolyte concentration and linearly increasing voltage at the bullk and (ii) 
the Donnan potential and the Donnan concentration for cation, no-flux 
condition for anion at the nanojunction. The length scale was 
nondimensionalized with L = 100 m so that the nanojunction and the bulk 
were located at x = 0 and x = 10, respectively. A constraint of “bulk 
concentration” was additionally assigned at Leff/L where a fresh solution was 
injected through the side microchannel. The sweep rate of voltage was 0.05 
V / 10 sec. 
 When Leff was 500 m and 750 m, diffusion layer was fully extended 
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to side channel before reaching limiting current regime. In other word, the 
concentration gradient became constant (black straight lines) at V = 0.31 V 
and 0.47 V, respectively as small arrows indicated. However, when Leff were 
1000 m, the diffusion layer continuously expanded and stopped to form a 
constant gradient at V = 0.93 V which laid in overlimiting current regime. 
Thus, obtaining linear concentration (i.e. reach steady state) also required 
more time as Leff increased. Furthermore, since the ion depletion zone was 
confined in the vicinity of nanojunction as shown in the inset of Figure A.1, 
the ion transportation solely depended on this constant concentration gradient 





Figure A.1 Spatiotemporal cation concentration profile for different 
efficient microchannel length, Leff = 500, 750, and 1000 m. Left is reservoir 
and right is membrane.  
 
 59 
 B. Investigation of overlimiting current in confined 
microchannel by hydraulic convection. 
B.1 Convergence of overlimiting current 
As the sweep rate of voltage increase, the current-voltage curve had a 
overshoot current and entranced the overlimiting regime. Figure 2.4 showed 
that the current was converged in limiting regime. We also verified that the 
overlimiting regime was also converged as Figure B. 1. The same device in 
Chapter 2 was used and effective length of microchannel was 500 m. We 
varied the sweep rate of voltage from 0.05 V / 0.3 sec to 0.05 V / 30 sec. In 
this device, diffusion relaxation time is 250 sec. The sweep rate 0.05 V/ 0.3 
sec reached steady state at 0.45 V. Therefore, the overshoot current was absent. 
However, the pink line reached steady state at 2.2 V, 130 sec and the cyan line 
entered the steady state at 5 V, 100 sec. Even if the overshoot current was 
observed and limiting current was measured higher, the current would be 
converged after enough time. Different thing with Chapter 2 is that the 
required time to reach steady state was shorter than the diffusion relaxation 
time. As the voltage quickly increase, the drift of ion in diffuse layer was 
enhanced. The diffuse layer in overlimiting regime was shrink because of 






Figure B.1 current-voltage characteristic with overshoot current. 
Current was converged in overlimiting regime even if the sweep rate of 
voltage was enough high. 
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B.2 verification of regime shift in overlimiting current 
 From the Figure 2.2, overlimiting conductance (OLC) was obtained. 
Dydek et al. suggested that the overlimiting conductance was relevant with 
length of microchannel (L). The equations of OLC according to L is different 
in surface chare regime and electroosmotic flow regime [6]. In the surface 
charge regime, the OLC was proportional to L-1. And the OLC was 
proportional to L-1.8 in electroosmotic flow regime. In our work, we obtained 
OLC from L= 150 m to 2000 m. The depths of all the microchannels were 
15 m, which normally had electroosmotic flow regime, however, the OLC 
followed the equation of SC in short microchannel. The diffuse layer was 
fluctuated by hydraulic convection in short microchannel and the hydraulic 









 C. Removal of Oil Droplet from Emulsion using 
Micro/Nanofluidic chip 
C.1 Introduction 
After the industrial revolution, accidental oil spill has occurred several 
times such as Gulf war oil spill in 1991, Maxico oil spill in 2010, and Ixtoc 1 
oil well in 1979. Spilled oil on the ocean are waved, are divided into small oil 
droplets which have the diameter under 70 m and the oil droplets are 
dispersed [72-75]. The part of oil droplets are biodegraded [74, 75], however 
remnant oil droplets are absorbed or attached in fishes and animals. Even 
though there is the small amount of oils, oil pollution causes serious 
disturbance of the ecosystem, animal disorders and adversely affects humans 
through the food chain. Therefore, various field such as chemical engineering 
[76-78], material engineering [79-81], and microfluidics [25, 82] have 
intensively focused to solve the oil contamination.  
In microfluidics, there were several researches for oil droplet separator 
[83, 84]. Goet et al separated the oil using isotachophoresis [83], Carlo et al 
manipulate and ordered the oil droplets using inertia focusing [84], and Kim 
et al purified water from emulsion using ion concentration polarization (ICP) 
devices.  
ICP is the electrochemical phenomena generating near the nanoporous 
membrane when the electric field is applied through the membrane. The 
concentration was depleted on the edge of the membrane and was enriched 
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on the other edge of the membrane. Each regions is called ion depletion zone 
and ion enrichment zone, respectively. Since electric field is the very 
enhanced near the ion depletion zone, charged species are pushed away from 
the ion depletion zone. 
In this work, we fabricated micro/nanofluidic devices for separating 
diverse oil droplets. The devices generated ICP for separating oil from 
emulsion. We measured the oil removal efficiency using image processing. In 
the limiting current regime, oil removal efficiency was peaked and oil 
droplets were clogged at the high external voltage. Comparing the properties 
of oil droplets, we suggest that the dielectrophoretic force have a major effect 
on the movement of oil droplets near ion depletion zone. The diameter of oil 
droplet is the critical factor of oil removal efficiency.  
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C.2 Experimental setup  
The schematic diagram of devices is shown in Figure C.1. The 
microfluidic channels were fabricated from polydimethyl-siloxane (PDMS) 
using soft lithography fabrication. To generate ion concentration polarization, 
Nafion (Sigma Aldrich, USA) was used as the nanoporous membrane using 
surface patterning method [57]. The main channel was divided into two 
channels. One was preconcentrated channel where the oil droplet was 
gathered and the other was purified channel where the oil droplets were 
removed.  
We use 5 kinds of oil: Oleic acid, Silicone oil AR 20(Polyphenyl-
methylsiloxane, Sigma-Aldrich, USA), canola oil, decane, isoocatane. Each 
emulsion solutions had 1:100 volume ratio of oil and aqueous solution (1 mM 
KCl). Emulsion was formed by ultra-sonication (40 kHz) and the size of oil 
droplets were under 5 m. The emulsion was injected to separating channel 
and 1 mM KCl solution was injected to buffer channel.  
 Images of manipulating oil droplets were captured by an inverted 
fluorescent microscope (IX53, Olympus) and CellSens program. Pressure 
was driven by gravitational force derived from the difference of height in 
reservoir connected to 1 mL pipet tip. Because a fluid velocity driven by 
gravity was 0.78 0.01  nL/s derived from observed particle velocity 
520 5  m/s. The height of solution in pipet tip was negligibly reduced, so 





Figure C.1 (a) Schematic of device, electric field was applied from 
reservoir of main microchannel to buffer channel. Hydraulic pressure is 




Oil removal efficiency was quantified using image processing 
(MATLAb) as Figure C.2. The depth of microchannel, 15 m, was enough 
shallow to capture the most of the oil drop. Microchannel was recorded and 
two parts of image was cropped. One is injected microchannel (area A in 
Figure C.2) and the other is purified channel (area B in Figure C.2). Cropped 
images were binarized and were used to calculate the oil density in 
microchannels. Oil density () was defined as sum of oil surface area divided 
by captured area. Oil removal efficiency was defined as 1 /A B  , A is oil 









Figure C.2 Image processing method of oil removal efficiency. Micro 
channel was captured at injecting part and purified part. The image was 
binarized and sum the white area. 
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C.3 Results and discussion  
ICP devices were performed with varying voltage. With applying 
voltage ion depletion zone was formed and expanded. Oil droplet was pushed 
away from ion depletion zone since high electric field was generated near the 
ion depletion zone[29] (Figure C.3 (a)-(e)). Oil droplet was gradually pushed 
up from Nafion with expansion of ion depletion zone and, finally, all the oil 
droplet was moved to the preconcentrated channel. However, when voltage is 
upper 48 V, oil droplets were plugged in main channel as Figure C.3 (e). 
Oil removal efficiency of oleic acid and silicone oil was calculated with 
varying voltage (Figure C.3 (f)). From Figure C.3 (g), the current-voltage 
curve was in Ohmic regime under 32 V. Therefore, we can know that the 
boundary of diffuse layer was being in contact with the Nafion. Therefore, 
ion depletion zone was formed but was not covered throughout the entrance 
of the purified channel, and oil droplet could move to purified channel. The 
ion depletion zone was expand enough to fully cover the entrance of purified 
channel, the slope of current became constant as red area in Figure C.3 (g). 
All the oil droplet in the vicinity of Nafion was repelled from the Nafion and 
move to the preconcentrated channel. Therefore, the peak removal 
efficiencies were obtained at 32 V. However, oil removal efficiency decreased 
when the voltage was upper 36 V. Submicron oil droplets were leaked and 
most of them were pass the ion depletion zone along the microchannel wall 





Figure C.3 (a)-(e) the picture of the oil removal according to voltage 12, 
20, 32, 40, 48 V. Main channel was clogged in (e). (f) Oil removal efficiency 
of oleic aiccd and silicone oil droplet according to voltage. (g) Current-
voltage curve of the devices. 
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of second kind of electroosmotic flow[29, 85]. Upper 48 V, the vortex 
generated by ion depletion zone trapped oil droplets and eventually plugged 
the main channels. 
As peak oil removal efficiency was obtained at the same voltage, 32 V, 
we additionally measured oil removal efficiency of the other oils as Table 
C.1. We thought that oil droplets were influenced by drag force (FD), 
electrophoretic force (FEP), and dielectrophoretic force (FDEP) as the Jeon’s 
work [23]. So sum of the forces was, 
D EP DEP  F F F F                   (B.1) 
We assumed that the oil droplets were sphere particle. Then,  
D f6 ( )pa  F u u                   (B.2) 
         
E p6 a F E                      (B.3) 
3
DEP 2 a  F E Ε                    (B.4) 
 is the viscosity of fluid and and a is the diameter of the oil droplet, up, uf 
is the velocity of paricle and fluid, respectively. p is the zeta potential of 
particle and  is the dielectric constant of fluid. Oil repulsion from the ion 
depletion zone was determined by electrophoresis and dielectrophoresis. If 
the electrophoresis is dominant, the oil removal efficiency of decane and 
isooctane should higher than oleic acid, silicone oil, and canola oil. 
However, the opposite results were obtained. The results showed that the 
diameter was significant factor of oil removal efficiency. The oil droplets 
with upper 1 m diameter was more efficiently removed than submicron oil 
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droplet. We could thought that zeta potential was influenced by particle 
size :small particles have small zeta potential[75]. But in the case of oil 
droplet, the zeta potential could be reduced as the diameter became smaller 
[86-88], so it would be hard to say that the electrophoresis determine the 
movement of oil droplets. From the equation (B.4), small particles were less 
affected by dielectrophoretic forces. And this scenario can explain the 
leakage of oil as we mentioned above. At the interface of microchannel wall 
and Nafion, there was the amplified electroosmotic flow was generated 
since the electroosmotic flow in the ion depletion zone was proportion to E2 
[29, 85]. As drag forces were enhanced and dielectric forces less affected the 








Table C.1 The properties of oil droplets. Viscosity, diameter, zeta potential was 
measured. Dielectric constant was referenced [89-93]. Viscosity, diameter and zeta 
potential of oil droplets were measured. Oil removal efficiencies were measured 




C.4 Conclusion  
In this work, we measured the oil removal efficiencies of oil droplets 
varying external voltage. In the limiting regime, there was no vortex and ion 
depletion zone fully covered the entrance of purified channel. Therefore, 
upper 95 % of oil droplets were removed. In the high external voltage, 
vortexes were generated and finally clogged the main channel. And we 
suggested that the main factor of repulsion of oil from ion depletion zone was 
dielectrophoresis since the oil removal efficiency was determined by the 
diameter of oil droplets.  
The device for the seperation of oil in labortary could be useful and also 
it could be applied on the biodiesel extractor as Figure C.4. Using the vortex 
generated by ion depletion zone in overlimiting regime, algae cell could be 









Figure C.4 picture of extraction of biodiesel from algae cells. Algae cell 
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이온 선택성 막 주변에서 발생하는 
나노전기동력학적 현상의 일시적 
반응 연구 
 
성 명 권순현 




 나노 다공성 투과막은 벽면 전하의 영향을 받아 막의 구멍 내부에
서 전위를 띄게 되고, 이에 따라 벽면 전하와 반대되는 전하를 띤 이온
들만 막의 통과가 가능하게 된다. 이런 막의 전기적인 현상으로 인해 전
기를 인가하였을 때, 선택적 이온 통과 현상이 발생하게 된다. 그 중 이
온 농도 분극 현상은 최근 수십 년간 활발히 연구된 현상으로, 유동과 
이온의 이동 그리고 전위가 복합적으로 작용하여 만들어진다. 이에 따라 
기초 연구부터 응용장치까지, 예를 들면 탈염기, 분리기, 농축기, 바이오 
센서 등이 발달해왔다. 이런 응용장치들은 많은 연구가 진행되어 왔고, 
향상되어왔다.  
이런 장치들은 일반적으로 정상 상태보다 일시적 상태에서 발생되게 
되는데, 일시적 상태에서는 정상상태와는 다른 새로운 물리적 현상들이 
발생하게 된다.  일시적 상황에서는 정상 상태에서 예상치 못한 현상들
이 발견되고, 이에 따라 장치의 작동이 방해를 받아 효율이 떨어지는 현
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상이 발생한다. 따라서 이온 농도 분극 현상 응용장치들의 효율 최적화
를 위해서는, 일시적 상태의 이동 현상과 전류 특성에 대한 연구가 불가
피하다. 이 논문에서는 이온 농도 분극 현상에서 이온의 움직임을 간접
적으로 살펴보는 전류 특성에 대한 연구로, 일시적 상태일 때 나타나는 
전류의 특징을 실험적으로 살펴보고, 나아가 경계조건을 연속적으로 바
꾸어 주어 전류의 변화를 수치적, 실험적으로 살펴보았다. 
첫 번째로 일시적 현상에서 발생하는 오버슛(overshoot) 전류에 대
해 살펴보았다. 전류-전압 곡선은 정상상태에서 옴(Ohm) 구간, 한계 
전류구간, 과도한계전류 구간으로 나타나는데, 실험적으로 전류-전압 특
성을 살펴보게 되면 예상치 못한 치솟는 전류, 오버슛 전류가 옴과 한계
전류 구간 사이에서 발생하게 된다. 이온 농도 분극 현상을 이용한 응용
장치의 최적 효율은 보통 한계 전류나 과도한계전류 구간에서 발생하는
데, 상황에 따라 최적 효율이 나타나는 구간이 다르다. 이에 전류-전압
특성을 정확하게 측정 후 작동하는 전압을 선택하는 것이 중요한데 이 
오버슛 전류는 이를 방해한다. 농도 분극 장치에서 오버슛 전류에 가장 
큰 영향을 미치는 변수를 찾고, 이를 없애기 위한 장치를 개발하기 위해 
연구를 진행하였다. 이 연구에서는 유동을 이용하여 이온 농도 분극 현
상으로 인해 농도가 바뀌는 구간(유효 채널)을 제한하였다. 전압 상승 
속도를 일정하게 한 후 장치의 모양을 조금씩 바꾸어 줌으로써, 유효 채
널 길이를 바꾸었고, 전류-전압특성을 살펴본 결과 최적의 길이를 찾았
다. 이를 통해 오버슛 전류가 확산층의 확산 완화 시간과 관계가 있음을 
확인하였고, 채널 길이를 조절하면 정상상태에 도달하기 위해 필요한 확
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산 완화 시간이 줄어 오버슛을 없앨 수 있음을 확인하였다. 또한 길이를 
일정하게 하고 전압 상승 속도도 바꾸어 가면 실험하여, 앞의 결과를 다
시 한번 확인하였다. 이 연구를 통해 개발된 장치로 정상 상태에 빠르게 
도달하여, 정상상태 전류-전압 특성을 살펴보는 기초 연구에 필요한 시
간을 기존 미세유체장치 연구들에 비해 20배 이상 단축시킬 수 있었고, 
이온 농도 분극 장치를 만들 때, 확산 층의 길이를 최대한 고려해서 제
작하면 오버슛이 없는 전류-전압 곡선을 얻을 수 있는 전압상승 속도를 
계산할 수 있음을 확인할 수 있었다.  
두 번째 연구는 과도한계전류 구간 중 전기 와류 영역에 관한 연구
이다. 이온 농도 분극 현상이 발생하면, 이와 함께 전기 와류라고 하는 
불안정한 유동이 발생한다. 이 불안정한 유동은 이온전달현상을 향상 시
키는데, 이때 인가하는 전압을 펄스 형태를 취하게 되면 막 주변에서 물 
분해가 적게 발생하고, 막이 불순물로 막히는 현상, 막을 통과하는 전류
가 증가하는 현상 등 탈염기에 있어 효율이 증가하는 현상들이 발생한다. 
그 중 전류가 증가하는 원인에 대해서는 불명확하고 활발한 토론이 진행
중에 있다. 막을 통과하는 전류는 곧 탈염의 효율과 직접적인 연관이 있
기에, 이 연구에서는 전기와류에 대한 펄스 전압을 인과하였을 때 나타
나는 전류 밀도 증가 현상을 실험과 전산모사를 통해 살펴보았다. 전산 
모사와 실험을 통해 전압의 진동수와 전류 간에 특정한 경향성을 가지는 
것을 확인할 수 있었다. 이에 대하여 전산 모사를 통해 농도의 변화 및 
와류의 속도 변화를 살펴보았고, 실험적으로 이를 가시화하였다. 진동수
를 바꿔 감에 따라 최적 값이 나타나는 것을 확인하였고, 이는 전기 와
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류의 성장과 유지와 관련이 있다는 것을 확인하였다. 전기 와류 장치의 
구조에 따라 적절한 진동수를 선택한다면 좀 더 높은 효율의 전류 밀도
를 측정할 수 있고, 이온 이동을 꾀할 수 있다. 
이와 같은 연구들을 통해 복잡한 물리적 현상 중 하나인 이온 농도 
농도 분극 현상의 일시적 상태에 대해 연구를 진행하였다. 일시적 상황
에서 막을 통한 이온의 이동의 변화에 대해 확인하였고, 이를 통해 탈염
기나 분리기 등 응용장치의 효율 향상에 도움이 될 것이라고 예상된다. 
   
Keywords : 전기동역학, 이온농도분극현상, 오버슛 전류, 전기와류, 일시
적 현상. 
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